INITIATION OF mRNA DECAY
Of all of the aspects associated with mRNA decay in E. coli, the question of how the process is initiated has sparked the most controversy. Not only have there been conflicting views regarding which enzyme(s) is responsible for the initial endonucleolytic cleavage events, but there have also been disagreements regarding the importance of certain multiprotein complexes. E. coli is known to contain at least five endoribonucleases: RNases III, E, G, and I/M.
RNase III was first discovered as a protein that cleaves double-stranded RNA (94) . In vivo, RNase III specifically degrades stem-loop structures, particularly those in intercistronic regions (34, 88) . It plays a major role in processing of the 30S rRNA precursor (34) . The enzyme has been shown to indirectly affect the half-lives of a limited number of transcripts (7, 36, 88) , primarily by eliminating a stem-loop structure, usually upstream of the translation start site. However, deletion of the RNase III structural gene (rnc) does not lead to any significant change in the degradation of total pulse-labeled RNA or specific transcripts (5) . Thus, it is probably not a major player in mRNA decay.
In 1979, Ono and Kuwano (84) isolated a temperaturesensitive mutation, called ams-1 (for altered mRNA stability), that led to a slowing in the decay of total pulse-labeled RNA.
Independently, Ghora and Apirion (37) identified RNase E on the basis of its role in the processing of 9S rRNA into a 5S form. More than a decade later, several laboratories showed that the ams-1 and rne-3071 mutations are alleles of the same gene, now called rne (6, 68, 77, 105) .
In addition to being required for the maturation of 9S rRNA, RNase E has also been shown to be involved in the processing of the 5Ј end of 16S rRNA (54, 111) , the maturation of the RNA subunit of RNase P (63) , the degradation of the antisense inhibitor (RNA I) of plasmid colE1 DNA replication (107) , and the processing of tRNAs (53, 85, 92) . As such, it is intimately involved in the processing of a large number of nontranslated E. coli transcripts.
Besides all of these functions, RNase E has also been strongly implicated in the decay of total pulse-labeled RNA (3, 84) , as well as a number of specific transcripts (3, 42, 65, 75, 78) . In fact, analysis of mRNA decay in mutations carrying extensive deletions in the carboxy-terminal region of the RNase E protein has shown that mRNA decay is seriously deficient, even under conditions in which the cell is still viable (62, 86) .
The RNase E protein contains 1,061 amino acids (21, 22) comprising at least three distinct domains (28) . The aminoterminal 500 amino acids encode the catalytic activity of the protein (67) . Farther downstream is the so-called arginine-rich RNA binding site (amino acids [aa] ϳ597 to 684) that has been shown to bind RNA in vitro (67, 104) . The C-terminal third of RNase E (aa ϳ734 to 1061) functions as a scaffold for the assembly of a multiprotein complex called the degradosome (109) . Originally identified by Carpousis et al. (20) , the E. coli degradosome has been shown by immunoprecipitation experiments to contain RNase E, PNPase, the RhlB RNA helicase, and the glycolytic enzyme enolase (69, 89, 90) .
While it was originally suggested that an RNase E cleavage site encompasses a 10-nucleotide (nt) region (ACAGA/UAU UUG) (107) , subsequent analysis of many more sites now indicates that RNase E prefers single-stranded regions that are typically, but not always, A-U rich (25) . Additionally, it is now known that RNase E is a 5Ј-end-dependent endoribonuclease (64, 66) that prefers substrates with monophosphorylated 5Ј ends to triphosphorylated termini (57, 64, 66, 101, 106) .
On the basis of the catalytic properties of RNase E and its association with PNPase and an RNA helicase whose activity is stimulated by its association with RNase E (27) , it became a working hypothesis that the RNase E-based degradosome is the primary mechanism for mRNA degradation in E. coli (8, 91) . However, recent results have brought this view into question. In the first place, although the N-terminal region of RNase E is highly conserved in prokaryotes, the C-terminal degradosome scaffolding region is not (49) . More importantly, RNase E mutants lacking the degradosome scaffolding region exhibit normal mRNA decay properties (86) . Thus, questions remain about whether the degradosome actually participates in mRNA decay.
If the actual role of RNase E in mRNA decay is still not fully understood, the identification of its homologue, called RNase G, has only complicated the story. Originally discovered as the product of cafA (for cytoplasmic axial filament), the protein has extensive sequence similarity (49.5% sequence similarity and 34.1% sequence identity) to the first 498 aa of RNase E (54, 83, 111) . Furthermore, in vivo experiments have suggested some functional overlap between RNases E and G (110) . In fact, it has recently been shown that RNase G is involved in decay of the adhE transcript (108) . Also, several groups have shown that RNase G is also a 5Ј-end-dependent endoribonuclease (48, 106) . Thus, the bacterium has two 5Ј-end-dependent enzymes that seem to play a role in mRNA decay. In addition, both enzymes have been highly conserved in a large number of prokaryotes (51) .
RNase I, encoded by the rna gene, is a relatively nonspecific endoribonuclease that is found primarily in the periplasmic space of the bacterium (80) . As such, it has not been viewed as a prime candidate for playing a significant role in mRNA decay. However, it has been subsequently found that a modified form of the enzyme, called RNase I*, is present in the spheroplast fraction (15) . Although these observations indicated that the enzyme could participate in mRNA decay, analysis of mutants carrying the rna-19 allele showed that there were no significant changes in the decay of either total pulselabeled RNA or specific transcripts (C. Arraiano, S. D. Yancey, and S. R. Kushner, unpublished results). In addition, Zhu et al. (115) did not observe any change in the phenotype of an rna deletion mutant.
The final endoribonuclease that has been hypothesized to participate in mRNA decay is RNase M. On the basis of an extensive series of experiments, Kennell and coworkers concluded that the decay of each transcript is initiated by endonucleolytic attack near the 5Ј terminus (1, 10, 55, 56) . When subsequent work indicated that most of the cleavages occur between pyrimidine and adenosine residues (16), Cannistraro and Kennell (14) undertook the identification and purification of RNase M, an enzyme whose properties are similar to those of pancreatic RNase A. When combined with subsequent data that indicated that the majority of 5Ј termini in E. coli have hydroxyl groups and not phosphomonoesters (13), Cannistraro and Kennell argued that RNase M is the major degradative endoribonuclease for mRNA (13) .
Although the data to support this hypothesis appear compelling, the failure to identify the structural gene for RNase M has been of considerable concern. In fact, it now appears that RNase M is a mutationally altered form of RNase I, which is found specifically in one strain of E. coli, MRE600. This happens to be the strain that Cannistraro and Kennell (14) used for their purification work. The rna gene in MRE600, which was chosen because it is naturally deficient in RNase I, has been shown by Subbarayan and Deutscher (102) to contain a UGA nonsense mutation at codon 5, as well as three additional changes that result in amino acid substitutions. Their data indicate that deletion of the rna locus leads to complete loss of both RNase I and M activities. Thus, it seems likely that strains such as MG1693 and its derivatives, which have been used for many mRNA decay experiments (3), will contain RNase I but not RNase M.
TERMINAL STEPS IN mRNA DECAY
By the early 1970s, several 3Ј 3 5Ј exonucleases, including RNase II (99) and polynucleotide phosphorylase (PNPase) (41), had already been well characterized as proteins that degrade oligoribonucleotides one at a time. In addition, both PNPase and RNase II were shown to be significantly inhibited by secondary structures (60, 81) . Subsequently, many additional 3Ј 3 5Ј exonucleases, including RNases R, BN, PH, D, and T, have been identified (29) . Interestingly, many of these enzymes, including RNases BN, D, PH, and T, seem to be exclusively involved in the final maturation of the 3Ј ends of tRNAs (52) . In addition, unlike Saccharomyces cerevisiae, where the 5Ј 3 3Ј Xrn1 exonuclease plays a major role in mRNA decay (19) , E. coli does not appear to contain any exonucleases of this type (30) . Thus, the oligoribonucleotides that are generated by endonucleolytic cleavages are exclusively degraded in the 3Ј 3 5Ј direction.
Initial genetic support for this conclusion came from the analysis of a double mutant containing a temperature-sensitive allele in the structural genes for RNase II (rnb-500) and a null mutation in PNPase (pnp-7). At the nonpermissive temperature, large amounts of partially degraded mRNAs accumulated (33) . Since a single mutant with either PNPase or RNase II inactivated is viable while a double mutant is not, it has been suggested that the two enzymes can partially substitute for each other (33) . A similar situation has also been observed with PNPase and RNase R (24) .
One of the interesting questions regarding the exonucleolytic degradation of full-length mRNAs and/or their initial degradation products concerns which enzyme(s) is primarily responsible for this activity. Thirty years ago, Chaney and Boyer (23) demonstrated that RNA degradation in E. coli proceeds primarily via a hydrolytic mechanism. Deutscher and Reuven (31) confirmed that work, showing that at least 90% of the degradative capacity in E. coli is hydrolytic in nature. Since RNase II uses a hydrolytic mechanism (99) , in contrast to the phosphorolytic mechanism of PNPase (39), it has been assumed that RNase II, and perhaps RNase R, another hydrolytic enzyme, would be primarily responsible for the bulk of mRNA decay.
However, it has to be kept in mind that mRNAs represent only a small fraction (Ͻ10%) of the total RNA population that exists inside the cell (79) . In fact, most RNA synthesis involves making rRNAs and tRNAs. These structural RNAs undergo considerable processing to generate their mature forms. Thus, if there were some type of compartmentalization of functions, for example, in which PNPase were primarily involved in mRNA decay and RNase II and RNase R were the major exonucleases used in processing reactions, the net effect would be that the bulk of RNA degradation occurred hydrolytically. Such a division of function has been observed in the case of the degradation of poly(A) tails, where it appears that PNPase prefers tails associated with mRNAs while RNase II works better on tails found on rRNAs (73) . In fact, a variety of experiments suggest that PNPase is the primary 3Ј 3 5Ј exoribonuclease involved in the degradation of mRNAs (B. K. Mohanty and S. R. Kushner, unpublished data).
An unanswered question is whether a significant number of E. coli transcripts, particularly those that are monocistronic, are degraded primarily by an exonucleolytic mechanism. Clearly, this is the primary way that S. cerevisiae degrades its mRNAs (19) . Since there are many small mRNA transcripts (for example, the lpp mRNA is less than 340 nt in length), one would think that an enzyme like PNPase could easily degrade the transcript without the need for prior endonucleolytic cleavages. However, some short transcripts, such as rpsT, are clearly cut first by RNase E (65). Thus, it may be that only a small fraction of the E. coli transcripts are degraded solely via an exonucleolytic mechanism.
Finally, it is worth noting that there is one additional exoribonuclease involved in mRNA decay. This enzyme, called oligoribonuclease (encoded by orn), is essential for cell viability (38) . It turns out that neither PNPase nor RNase II can completely degrade an oligoribonucleotide, leaving 4-to 7-mers as terminal digestion products. These short oligonucleotides accumulate in an orn mutant (38) . Whether the accumulation of these small oligomers or some other, yet-to-be-characterized, function of the enzyme is the cause of cell inviability is an open question.
ROLE OF POLYADENYLATION IN mRNA DECAY
Even though the first poly(A) polymerase that was purified came from E. coli (4, 70) , few efforts were made to examine in vivo polyadenylation until the late 1970s (96) . Furthermore, while Sarkar and her colleagues continued to publish evidence that supported the existence of poly(A) tails on E. coli transcripts (103), it was not until Cao and Sarkar (18) identified pcnB (61) as the structural gene for poly(A) polymerase I that workers began to take seriously the idea that E. coli transcripts are polyadenylated. Subsequent experiments showed that polyadenylation affects the degradation of nontranslated RNAs, such as the DNA replication regulator RNA I of plasmid colE1 (113, 114) , as well as a variety of specific mRNAs (26, 43, 82) . It was hypothesized that polyadenylation serves as a targeting mechanism for the degradation of individual transcripts (50, 71) . More recent experiments have indicated that polyadenylation has some effect on the degradation of most transcripts (Mohanty and Kushner, unpublished) .
While these results suggested that polyadenylation plays a role in the degradation of mRNAs, one troubling aspect of the work has been the fact that only a small percentage of the mRNA population (1 to 2%) appears to be polyadenylated at any time (18) . Mohanty and Kushner (71) addressed this issue by employing a specially constructed pcnB gene to demonstrate that, for most of the mRNAs tested, decay rates increase with higher levels of polyadenylation. In addition, they showed that increasing the level of poly(A) polymerase can lead to the quantitative polyadenylation of a particular transcript, such as lpp (71) . They also showed that poly(A) levels are regulated by a combination of translational control of poly(A) polymerase (71) and the activities of the 3Ј 3 5Ј exonucleases RNase II and PNPase (73) . RNase E also participates in the regulation of poly(A) levels by generating new 3Ј termini that become targets for polyadenylation (73) .
Exactly how polyadenylation participates in mRNA decay is still not clear. On the one hand, it is well known that both RNase II and PNPase are inhibited by secondary structures (60, 81, 100). Furthermore, many E. coli transcripts are terminated in a Rho-independent fashion, which generates a stemloop structure with a very short 3Ј single-stranded extension. Addition of a poly(A) tail would make such molecules far better substrates for these enzymes. In fact, Coburn and Mackie (27) have shown that polyadenylation is necessary to degrade a 174-nt fragment of the rpsT transcript that is generated by an RNase E cleavage event. With an mRNA such as lpp, polyadenylation appears to be required for breakdown of the full-length transcript (71) . Thus, it is not certain whether polyadenylation is employed primarily to help degrade fulllength transcripts or only degradation products that contain stable secondary structures because they are no longer being translated.
Another unresolved question about polyadenylation involves the in vitro results of Huang et al. (44) and Walsh et al. (112) , which indicate that RNase E can act as a deadenylating enzyme. In vivo experiments have not provided any evidence that this reaction actually takes place in the bacterium (73) . Even if RNase E is not involved in deadenylation in vivo, since the enzyme is associated with PNPase in the degradosome, binding of PNPase to a poly(A) tail would also bring RNase E into close proximity to the transcript and might facilitate the concerted degradation from both the 5Ј and 3Ј ends (Fig. 1 ). While such a mechanism would inherently improve the efficiency of mRNA decay, the fact that degradosome assemblydeficient RNase E mutants have normal mRNA decay rates (86) demonstrates that this model may only describe a special case of a more general pathway of mRNA degradation.
The other area of some controversy relates to the existence and nature of a second poly(A) polymerase. Although the pcnB-encoded poly(A) polymerase has been shown to account FIG. 1. Initiation of mRNA degradation by the RNase E-based degradosome. In this model, the degradosome, composed of RNase E, PNPase, the RhlB RNA helicase, and enolase (Eno), is associated with the transcript through the binding of PNPase to the poly(A) tail that has been added following the Rho-independent transcription terminator and the attachment of RNase E to the 5Ј end. After the initial endonucleolytic cleavages (arrows) occur, the subsequent steps are similar to those shown in Fig. 2 and 3. for at least 90% of the poly(A) tails in E. coli (71, 82) , the question remained as to which enzyme is responsible for the residual polyadenylation. Cao et al. (17) claimed that the f310 gene encodes the backup poly(A) polymerase. However, a careful in vivo analysis of this gene has suggested that while the F310 protein may bind ATP, it does not polyadenylate RNA transcripts (74) . Rather, it turns out that PNPase is the responsible party (72) . It is not clear what controls the switching of PNPase from a degradative to a biosynthetic enzyme.
Interestingly, PNPase is also responsible for the low level of non-A residues that are found in poly(A) tails at low frequency in wild-type cells, as well as the highly heteropolymeric tails that are isolated from pcnB mutant strains of E. coli (72) . Since the two enzymes add poly(A) tails at different locations within the same transcript, Mohanty and Kushner (72) proposed that polyadenylation alters the efficiency of mRNA decay. Finally, it should be noted that while the total lack of polyadenylation only leads to reduced growth rates (72) , increased levels of poly(A) polymerase are highly toxic (71) .
REGULATION OF mRNA DECAY
The idea that mRNA decay is a constitutively expressed salvage pathway has long been put to rest. In the first place, the synthesis of many of the proteins involved in mRNA decay is under some form of posttranscriptional control. For example, RNase III regulates its own synthesis by cleaving a stem-loop structure that is upstream of the ribosome binding site (7) . In addition, it also regulates PNPase synthesis by cleaving a stemloop structure in the intercistronic region of the rpsO pnp polycistronic operon (88) . Additionally, PNPase autoregulates is own synthesis by binding to the 5Ј end of its transcript (93) and apparently degrading a secondary structure in the 5Ј leader region (47) .
Another enzyme that autoregulates its own synthesis is RNase E (46, 76) . Although the control mechanism is still not completely understood, RNase E interacts with its 361-nt 5Ј untranslated region to help keep intracellular levels of the enzyme at a relatively fixed level (32, 46, 98) . However, recent experiments have suggested that autoregulation is far more complicated, involving multiple promoters (87) and portions of the carboxy-terminal region of the RNase E protein (86) .
Beyond these forms of direct regulation of individual ribonucleases, there also appear to be additional levels of control. Thus, in the absence of RNase II, PNPase levels increase significantly. Conversely, in the absence of PNPase, RNase II levels increase (116) . In addition, there appears to be a specific protein, called Gmr, that regulates RNase II levels (12) .
Polyadenylation also plays a role in controlling the degradative capacity of the cell. Specifically, poly(A) levels are important because they alter the ability of RNase E and PNPase to autoregulate their own synthesis. Thus, in the absence of polyadenylation, the half-lives of the rne and pnp transcripts are significantly shorter, resulting in reduced levels of both enzymes (71a). When poly(A) levels increase, the rne and pnp transcripts are stabilized (71), leading to increased levels of both proteins (73) .
It appears that the cell has the capacity to alter its degradative capacity, depending on specific intracellular circumstances. Such flexibility would be particularly useful in helping the cell adapt to dramatic changes in its growth environment.
mRNA DECAY MODELS
Although no one has argued that the original ideas of Apirion (2) are incorrect, what has not been clear is exactly which enzymes are involved in the early, and presumably ratelimiting, steps of mRNA decay. There are two schools of thought. The first, represented by the proponents of broadspecificity endoribonucleases, has stated that enzymes like RNases M and I* initiate mRNA decay, cleaving phosphodiester bonds to yield the 5Ј OH termini that were identified by Cannistraro and Kennell (13) (Fig. 2) . In this model, enzymes like RNase E and its homologue RNase G have specificities that are too stringent to accommodate a broad role in mRNA decay (13) .
The major problem with this hypothesis relates to the actual existence of RNase M and the importance of RNase I*. It now appears that RNase M is, in fact, a mutant form of RNase I that is probably only found in one strain of E. coli (102) . The likelihood of finding a similarly modified rna gene (four independent mutations) in other strains is not high. However, in order to conclusively rule out this enzyme and any other form of RNase I, it is necessary to carefully examine mRNA decay in an rna deletion mutant. The experiments cited earlier were done with an rna-19 mutant strain that still contains 1 to 2% of the wild-type RNase I level (M. Deutscher, personal communication). However, even if RNase M is not a factor, there is the unresolved issue of how to account for the high percentage of 5Ј OH termini that were found on RNA oligonucleotides isolated from E. coli (13) .   FIG. 2 . Decay of mRNAs employing nonspecific endoribonucleases. In this model, an enzyme such as RNase M would initiate mRNA decay near the 5Ј terminus of the transcript. Following additional cleavages by it and perhaps another endoribonuclease, such as RNase I*, the breakdown products would be exonucleolytically degraded by a combination of PNPase, RNase II, and RNase R. Secondary structures could be removed by the action of an RNA helicase and/or the addition of poly(A) tails, which has been shown to promote the movement of PNPase through a stem-loop structure (27) . RBS, ribosome binding site; PAP I, poly(A) polymerase I.
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The other school of thought regarding mRNA decay maintains that RNase E, and possibly RNase G, serves as the enzyme that initiates mRNA decay ( Fig. 3 [and Fig. 1 if the cell contains full-length RNase E]). In this model, RNase E or G initiates transcript decay by binding to the 5Ј terminus and then cleaving at a distance. Since the enzyme prefers a 5Ј PO 4 to a 5Ј triphosphate, which would be found at the primary 5Ј terminus of a transcript, the initial cleavage event would be rate limiting. This model would explain why processing of individual transcripts by RNase III would lead to more rapid decay of the downstream transcripts since the 5Ј triphosphate would be removed. A well-documented case of this type of behavior is the rps pnp operon, where cleavage by RNase III in the intercistronic region leads to a significant reduction of the half-life of the pnp transcript (88) . In addition, it could explain why some 5Ј untranslated regions, such as the highly structured ompA leader, impart increased stability to a variety of transcripts (35) . Presumably, this type of structure inhibits RNase E or G binding. In contrast, it would not be expected to have any significant impact on a broad-specificity endoribonuclease such as RNase I*.
Coburn and Mackie (25) have argued that once RNase E binds to the 5Ј terminus of a transcript, it can work its way processively in the 5Ј 3 3 direction, degrading the mRNA into a series of smaller oligoribonucleotides that would be susceptible to degradation by either PNPase, RNase II, or RNase R (Fig. 3) . The final step in the pathway would be the degradation by oligoribonuclease of the short oligoribonucleotides (4 to 7 nt in length) that are resistant to the activity of PNPase, RNase II, and RNase R (38) .
A potential problem with this model is that RNase E cleavage generates 5Ј PO 4 termini (95), a species that is not in high abundance according to Cannistraro and Kennell (13) . Furthermore, since RNase E is also involved in tRNA processing (53, 85, 92) , it could also be argued that the alterations in mRNA decay observed in rne-1 mutants could be an indirect result of a buildup of ribosomes on transcripts as the cell becomes deprived of mature tRNAs at the nonpermissive temperature. Previous work has shown increased mRNA stability in the presence of drugs, like chloramphenicol, that inhibit translation (58, 97) . However, although it might be expected that ribosome stalling could have some effect on mRNA stability, there are several lines of evidence that suggest that this is not the case.
In the first place, some of the arguments against RNase E have centered on the fact that mRNA decay still continues, although at a slower rate, in rne-1 strains at the nonpermissive temperature. However, the isolation of different rne mutations, particularly rne⌬610, has demonstrated that at 37°C, when the cells are still viable, decay rates for individual transcripts can decrease 10-to 20-fold compared to that of a wild-type control (85, 86) . These changes cannot be explained by ribosome stalling, since the cell is still actively growing under these conditions. In addition, Ingle and Kushner (45) demonstrated that mRNAs contained on polysomes decayed in vitro at rates comparable to those observed in vivo in the presence of active polyadenylation. Under the conditions of their experiments, translation was blocked (45) .
However, even if one subscribes to the RNase E-based model of mRNA decay, there still is the issue of the importance of the degradosome in mRNA decay. The proponents of this model argue that the degradosome contains all of the proteins necessary to degrade an mRNA into small oligoribonucleotides. RNase E initiates decay and produces shorter oligoribonucleotides that can be degraded by PNPase. Since PNPase is inhibited by secondary structures, the presence of the RhlB RNA helicase can remove potential inhibitory structures. In addition, the poly(A) tails present at the 3Ј termini of Rho-independent transcription terminators would provide a nice binding site for PNPase. Thus, taken together, the findings indicate that the degradosome could simultaneously bind to both ends of a transcript, leading to its rapid decay (Fig. 1) . While there is electron micrographic evidence that the degradosome forms in vivo (59) , the experiments of Ow et al. (86) have shown that, in mutants where degradosome formation is blocked, mRNA decay proceeds normally. However, even if degradosome assembly is not critical for mRNA decay, RNase E truncation mutants consistently grow more slowly than wildtype controls (86) . It seems likely that a functional degradosome is required for some other pathway in RNA metabolism.
Thus, a number of interesting questions remain to be answered. If RNase E does initiate mRNA decay, why do the 5Ј ends of so many oligoribonucleotides contain hydroxy termini? On the other hand, if RNase E is not the enzyme that initiates mRNA decay, what other enzyme accounts for this activity? It does not seem to be RNase M. Subbarayan and Deutscher (102) have reported that, on the basis of computer analysis, there is no RNase I homologue in E. coli. Similarly, other than RNases E and G, there are no homologues of this class of enzyme (Kushner, unpublished) . In addition, the role of polyadenylation in mRNA decay appears to be far more complicated than originally thought. A great deal has been learned since 1973, but many important features of mRNA decay remain to be elucidated. FIG. 3 . Degradation of mRNAs employing RNases E and G for the initial endonucleolytic cleavages. In this model, RNase E and PNPase are not assumed to be associated in the degradosome. Either RNase E or G can move processively (arrows) in the 5Ј 3 3Ј direction, generating a series of smaller breakdown products that are subsequently degraded as described in Fig. 2 . The final step in mRNA decay involves oligoribonuclease hydrolyzing the 4-to 7-mers that do not function as effective substrates for PNPase, RNase II, and RNase R. RBS, ribosome binding site; PAP I, poly(A) polymerase I. 
